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HE Fndieene Uepetmsant Station was established ig act of the 
Board of Trustees, December 8, 1903. It is the purpose of the 
Station to carry on investigations along various lines of engineer-— 
: ing and to study problems of importance to professional engineers and. 
to the manufacturing, railway, mining, constructional, and a snes 
: interests of the State. . 
The control of the Engineering Experiment Station's is vested i in fie 
~~ heads of the several departments of the College of Engineering. These 
~ <eonstitute the Station Staff and, with the Director, determine the char- 
» acter of the investigations to be undertaken. The work is carried on 
under the supervision of the Staff, sometimes by research fellows as” 
~ graduate work, sometimes by members of the instructional staff of the ~ 
College of Engineering, but more frequently by scp belonging. 
- to the Station corps. } 

~The results of these investigations are published in the form of 
bulletins, which record mostly the experiments of the Station’s own staff 
of investigators. There will also be issued from time to time, in the © E 
form of circulars, compilations: giving the results of the experiments’ of | 4 
engineers, industrial. works, ‘technical institutions, and 1 governmental 
testing departments. . 

The volume and number at the top of the title page of the cover 
are merely arbitrary numbers and refer to the general publications of q 
the University of Illinois; either above the title or below the. seal ts given 
the number of the Engineering Experiment Station bulletin or circular” 
which should be used in referring to these publications. 
For copies of bulletins, circulars, or other omeaes address the. 
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Cc AND OTHER PROPERTIES OF sedge ae et aah 
ALLOYS MELTED IN VACUO 


I. Inrropucrion 


1s is the purpose of this bulletin to record the results of experi- 
“ ments to determine the magnetic and allied properties of iron- 
aluminum alloys melted in vacuo. Previous investigations to 
determine these properties of pure iron,* iron-boron alloys,+ and iron- 
silicon alloys, £ melted in vacuo, have been reported in earlier bul- 
le etins. Because of the similarity of many properties of aluminum and 
silicon, the same remarkable results were expected from the iron- 
é aluminum as from the iron-silicon alloys. To some extent these have 
appeared. The results obtained, although not covering every phase 
of the subject, include the magnetic, electrical, and mechanical prop- 
erties. Chemical analysis and photomicrographs are also presented 
for a number of the alloys. 
The chemical analysis was in charge of Mr. J. M. Lindgren of 
_ the Chemistry Department; the methods used for the determination 
of aluminum are described by Mr. Lindgren in the Appendix. The 
photomicrographs were prepared by Mr. F. E. Rowland, also of the 
Chemistry Department. Mr. H. R. Fritz, Research Fellow in the 
Engineering Experiment Station, has rendered valuable service 
_ throughout the year as general assistant in connection with the investi- 
gation. Besides acknowledging their indebtedness to those persons 
who have been directly connected with the work, the authors also wish 
to express their appreciation to many others who have been of service 
to them. Among these it is particularly desired to mention Professor 
E. B. Paine, acting head of the Electrical Engineering Department. 
| Aluminum was first used in the industries in connection with 
| copper to form aluminum bronzes, and it was this application of it 
“that stimulated investigators to develop methods of manufacture 
capable of producing it at a cost which would warrant its use in large 
quantities. It is well known today that aluminum occurs in nature 


S *“Magnetic and Other Properties of Electrolytic Iron Melted in Vacuo.” Univ. of 
Tl. Eng. Exp. Sta., Bul. 72, 1914. Trans. Am. Inst. Elect. Engrs., vol. 33, I, p. 451. 
+“The Effect of Boron Upon the Magnetic and Other Properties of Blectrolytic Iron 
Melted in Vacuo.” Univ. of Ill. Eng. Exp. Sta., Bul. 77, 1915. 
+Magnetic and Other Properties of Iron-Silicon Alloys Melted in Vacuo.”’ Univ. 
of Ill. Eng. Exp. Sta., Bul. 83, 1915. Proc. Am. Inst. Elect. Engrs., vol. 34, p. 2455. 
Oct., 1915. Proc. Am. Inst. Mining Engrs., p. 482, Feb., 1916. 
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only in the form of oxides and that it is one of the stablest siden on 
be found, so stable that the only way of reducing it to its metallic — 
state is by means of electrolysis. This fact early suggested its use for. 
the purpose of reducing other oxides, and it was in the capacity of a 
reducer, deoxidizer, or degasifier, that it very early became the friend 4 
of the iron and steel maker. For this purpose aluminum soon became . 
a serious competitor of silicon, in spite of the high cost of aluminum | 
in its early days. Many were the wonderful qualities attributed to 
= this new metal. A large number of these, however, existed only in 
‘ the imagination of their advocates and were soon disproved. 
F Among the well-established properties of aluminum, the follow- 
ing are perhaps the most important: * 


a. Aluminum when added to molten iron will reduce iron oxide 
to metallic iron. Furthermore, it will reduce CO or CO, gases to free — 
carbon and thus degasify, quiet the bath, and prevent blowholes during 
solidification and cooling. If the iron is sufficiently liquid, the Al,O, 
formed will pass to the surface; if it is not, the Al,O, will become 
entangled in the iron, increase the viscosity, and cause the iron to be 
more or less unsound. 

b. When added in sufficient quantities, 2 to 5 per cent, aluminum 
will cause carbon to be completely precipitated as graphite and thus 
transform, for example, white cast iron into gray iron. If 10 to 20. 
per cent aluminum is added, however, the carbon may all be in the 
combined form Fe,C. J 

c. As the heat of combustion liberated by the oxidation of — 
aluminum is much greater than that absorbed by the reduction of iron 
oxides, clearly illustrated by the use of thermite in welding iron, the 
addition of aluminum to oxidized iron or steel causes a rise in the” 
temperature of the bath. This fact, and not any appreciable lowering 
of the melting point, is the cause of the higher fluidity noticed when 
a small percentage of aluminum is added to the bath.t 
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The metallographic investigation of iron-aluminum alloys was 
first systematically undertaken by the Alloys Research Committee 


*Birmingham Eng. Jour., vol. 3, pp. 138-145. Transactions Am. Inst. Min. Enegrs., 
vol. 18, pp. 102-122, 1889-90. Journal Iron and Steel Inst., vol. 87, I, pp. 112-133, 1890. 
Transactions Am. Inst. Min. Engrs., vol. 18, pp. 835-58, 1889-90. The Eng. and Min. 
Jour., vol. 50, p. 213, rev. vol. 42, p. 265. Iron & Steel Trades Jour., vol. 48, pp. 309, 399. 
Transactions Am. Inst. Min. Engrs., vol. 20, p. 238, 1891. Jour. Soc. of Chem. Ind., 
vol. 12, p. 289, 1898. 


jJournal Iron and Steel Inst., vol. 38, II, pp. 161-230, 1890. 


Institution of Mechanical Engineers,* and later, more exten- 

ely, by Gwyer.t The equilibrium diagram according to the latter 

is shown in Fig. 1. This diagram shows that iron and aluminum 
ye when liquid, dissolve in each other in any proportion. Up to an 


i 
dp 


0 
CMO EO SO POM ISA GOO 1) 70) 80 90. 100 
Alurninum Content-percent(by welgh) 


Fic. 1. EQuimmisrium DIAGRAM oF IRON-ALUMINUM ALLOYS ACCORDING TO GWYER 


aluminum content of 50 per cent mixed crystals are at first formed 
upon solidification, but as the solid solution becomes saturated with 


*Rpt. Alloys Research Committee, Proc. Inst. Mech. Engrs., No. 2, pp. 238-297, 1895. 
7Z. Anorg. Chem., vol. 57, pp. 113-53, 1908. 
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fluidity of iron, previously referred to, which is obtained by add 


ec 
34 per cent aluminum will suffer no precipitation of any cons itu 


during cooling and, therefore, at ordinary temperatures will 
of mixed erystals of iron and aluminum. The lowering of the melt 
point of iron due to small percentages of aluminum is very sligh 7 
Even for a 10 per cent aluminum content the melting point is lowe 
only about 10 degrees. This shows conclusively that the inerea 


less than 0.1 per cent aluminum, can not be due to the lowering of the a 

melting point. With an aluminum content of 59 per cent, the com 
pound FeAl, crystallizes out during solidification and leaves behin sip 
liquid aluminum, which freezes at 653 degrees. The theory suggested 
by previous writers, that the liberation of heat noticed upon adding 
a small amount of aluminum to molten iron might be due to the forma- 
tion of compounds of iron and aluminum,* is, therefore, at variance 
with the evidence just presented. The only explanation of the 
described phenomenon which has stood the test of investigation is that 
the heat liberated is due to the formation of Al,O,. 

From these investigations it appears that within the regio 
studied in the present research, namely 0 to 10 per cent aluminum, 
the alloys all consist of mixed crystals of iron and aluminum, just as. 
the iron-silicon alloys described in Bulletin 83 all consisted of mixed 
crystals of iron and silicon. The photomicrographs of Gwyer, Guillet, 
and Hadfield confirm the deductions just stated. F 

The mechanical properties of iron-aluminum alloys have been 
studied by Hadfield, t ieee t and Guillet,§ who all agree that — 
aluminum in quantities up to 5 per cent has very little influence upon ; 
the mechanical properties of iron. When more than 5 per cent is 
used, however, the alloys are slightly stronger in tension, but become 
brittle. Hadfield, whose alloys contained about 0.2 per cent carbon, — 
found the limit of forgeability between 5.6 and 9.14 per cent aluminum 
content, while Guillet found the limit between 7.18 and 9.25 per cent — 
for alloys containing 0.8 per cent carbon. The results by these three 
investigators are shown graphically in Fig. 6. 

The effect of aluminum on the magnetic properties of iron was 

*Journal Iron and Steel Inst., vol. 88, II, p. 170, 1890. 

jJournal Iron and Steel Inst., vol. 38, II, pp. 161- 230, 1890. 


tOestereich Z., fur das Berg—Hiltten—und Salinenwesen, vol. 41, p. 536, 1893. 


§Rey. de Metal, Memoirs, vol. 2, pp. 312-827, 1905. Journal Iron and Steel Inst., 
vol. 70, II, p. 16, 1906. 
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2d to some ae in the early nineties * after the beneficial effect 
Ei ibeet as a purifier of iron and steel had been definitely estab- 
. It remained for Hadfield,t however, to make the first iron- 
num alloys which had better magnetic qualities than those of 
le purest iron obtainable at the time. His 2.25 and 5.5 per cent 
uminum alloys as tested by Barrett showed a higher permeability 
. a lower +i loss than did sci purest Swedish charcoal iron 


TABLE 1 
AGNETIC AND ELECTRICAL PROPERTIES OF HaDFIELD’s IRoN-ALUMINUM ALLOYS 


= i Hysteresis 
Dashare | ee Reten- | Coercive Specific 
Max. rir : loss Ergs per c. c. 

Al Permea- ne ‘as aes es jet per cycle ae 
bility 5 ae or 6 rig Terms "2 ee re ance 

° of H H—45 |B—9000 Microhms 
.6O 4000 TOURS. wants 10 800 1.10 |abt.8500) 2334 10.2 
OG ea 1625 16 800 9 770 1.66 OZ OO si rare te 10.9 
REO he ccs 1500 16 000 10 500 1.80 PAOOO HP ote 22.0 
2.25 6 000 1700 16 900 10 500 1.00 8 COO 1443 39.0 
11671 Bea! Pp Metre 1 200 13 009 4 150 1.00 Gi5O0 | ence 0.0 


From the results shown in the table and those previously obtained 
with silicon,~ aluminum and silicon appear to have very similar effects 
upon the magnetic properties of iron. 

Dillner and Engstrom § have investigated the effect of aluminum 
and silicon on the magnetic properties of sheet iron as well as of cast- 
‘ings. They found that silicon reduced the permeability and increased 
the hysteresis loss in sheets, but not in castings, and that aluminum 

_ had the opposite effect. Furthermore, it was found that a combination 
of silicon and aluminum gave the best results for sheets. 

The main objection to employing aluminum formerly was its high 
cost. While silicon, in the form of ferrosilicon, could be obtained at 
a cost of 12 cents per pound of the element, the cost of aluminum was 

nearly $2 per pound. On this account silicon was employed in mak- 
ing steel for magnetic purposes, and, having given universal satisfac- 
tion both with regard to the hysteresis loss and to aging, it has 
retained its place. In spite of the reduced cost of aluminum, there 


*Transactions Am. Inst. Elect. Engrs., vol. 9, pp. 250-262 (and Discussion). The 
Electrician, vol. 29, p. 475, 1893. 

+Scientific Trans. Royal Dublin Soc., vol. 7, ser. 2, pp. 67-126, Jan., 1900. Journal 
Inst. Elect. Engrs., vol. 31, pp. 674-729, 1902. i 

+Scientifie Trans. Royal Dublin Soc., vol. 7, ser. 2, pp. 27-126, Jan., 1900. 

§Journal Iron and Steel Inst., vol. 67, I, pp. 474-480, 1905. 


<i? appeared to be no ordecided advantage | ine rT 27 
steel to aluminum steel. Investigators have turned - 
‘toward improving and perfecting silicon steel while comp 
‘little investigational work has been recorded regarding iron-é 
alloys, particularly regarding their magnetic properties. It is h 
therefore, that the present investigation will prove to be of inter 
not only on account of the vacuum method employed, but also bee 
it is one of the few systematic investigations on the subject. 


Il. MATERIAL, APPARATUS, AND MeErHops * rod 


The iron used asthe basis of the investigation was doubly refine a 
electrolytic iron containing 0.01 per cent carbon or less and about — 
0.01 per cent silicon. It was cleaned with HCl, distilled water, and 
aleohol, and then dried by means of ether in vacuo. 


The aluminum used as the alloying material analyzed as follows F 
r » 


se fates Oe oak teeter 0.20 per cent c 
P : Motes cue nc een eee Ue Vy ees a 
ORR AC eae enn Se nil 
= EGE Bt aptly Re ter 00.60 fora 


The melting was done in magnesia crucibles in an Arsem type 
vacuum furnace capable of melting 600 grams of iron; the pressure ~ 
was less than 1 mm. of mercury. Attempts were first made to melt 
the iron and the aluminum together, but this method had to be given — 
up for two reasons. First, the melting point of aluminum is so low 
compared with that of iron, that a considerable portion of aluminum — 
evaporated before the iron was in a condition to combine with it. 
Furthermore, the aluminum vapor interfered with the operation of. 
the furnace in such way that the voltage could not be maintained at 
a sufficiently high value to melt the iron completely. The result was 
that the Al,O, formed, instead of rising to the surface, became en- 
tangled in the iron, often completely enclosing pieces of iron and 
resulting in imperfect ingots. Second, as will be shown, on ‘ac- 
count of the power of aluminum at high temperatures to reduce CO 
gas, this method of melting was aan to introduce more or less 


*For further information see “Magnetic and Other Properties of Electrolytic Iron 
Melted in Vacuo.” Univ. of Ill. Eng. Exp. Sta., Bul. 72, 1914; and “Magnetic and 
Other Properties of Iron-Silicon Alloys Melted in Vacuo.” Univ. of Ill, Hng. Exp. Sta., 
Bul. 83, 1915. 
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It became necessary, therefore, first to melt 
ae Aa ten ‘powibda the end of the operation, to drop in the 
1inum. This was accomplished without opening the furnace by 
pending the aluminum (in the form of a wire or rod) from a very 
fine wire extended between insulated binding posts which passed 
through the cover of the furnace. In order to drop the aluminum, the 
_ fine wire was fused by connecting the binding posts for a moment 
to the terminals of the furnace. This method made it necessary to 
use a cover with a hole in it over the crucible, together with a funnel 
to direct the rod into the crucible. 

It has already been mentioned as a well established fact that 
aluminum at high temperatures, when added to molten iron for in- 
_ stance, will reduce CO gas and thus liberate free carbon. That it will 

do so even at lower temperatures has been shown by Stead,* and in 
the present investigation this has been further confirmed. 

It is evident that whatever gases remain in the vacuum furnace 
must consist largely of carbon monoxide. During the first trial experi-. 
ments with the aluminum suspended from the top of the furnace, it 
was noticed, upon examining the aluminum after the operation, that 

_ the lower end of the wire was coated with a grayish substance. This 
| substance was evidently the mixture of carbon and Al,O, mentioned 
by Stead. The lower the wire reached, and consequently, the hotter 
it became, the larger the portion of it which became coated. In order 
_ to prevent the wire from becoming hot, it was made as short as pos- 
sible and, during the later part of the investigation, was protected 
from direct radiation by means of an iron tube extending down into 
the furnace. But even with these precautions the tip of the wire or 
rod was always slightly coated, particularly when more than 5 per 
cent aluminum was used. Moreover, when the aluminum was dropped 
in, it obviously became hot and may have had time in a few cases to 
reduce some CO. In these cases a small amount of carbon was in- 
variably introduced into the alloy, generally not exceeding 0.02 per 
cent, but in some cases, especially during the early part of the investi- 
- gation, amounting to 0.10 per cent or even more. One alloy analyzed 
as high as 0.65 per cent carbon. 
. It is quite evident from this discussion that in the type of fur- 
nace used it would be out of the question to mix the iron and the 
aluminum, melt them together, and expect to obtain an alloy with 
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*Journal Iron and Steel Inst., vol. 38, II, p. 190, 1890. 


for very low percentages of aluminum when the iron oxide 
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a low carbon content. At first this method was used without ba d 


evidently was sufficient to oxidize both the aluminum and the carb on, 
but the method was abandoned for aluminum contents above | a Be per 
cent, for the reasons already stated. % 

The alloys known or suspected to contain more than 0. 015 p 
cent carbon for low aluminum alloys and more than 0.025 per ce 
carbon for high aluminum alloys have been tabulated separately 1 
order to show the effect of carbon upon the various properties. — Tt 
appears that the methods employed were not ideal, and that small — 
amounts of carbon may have been introduced with the aluminum. It — 
is possible, therefore, that better results, magnetically, might have 7 
been secured had a furnace been employed, having, for instance, a 
tungsten heating element. OW 

The ingots were allowed to cool while in vacuo, and then were nN 
forged into rods and machined into test pieces. 

The magnetic testing was done by means of the Burrows compen- 
sated double bar and yoke method. It has been previously shown * 
that the errors made by using this method for very high permeability 
iron may be much greater than theoretical considerations would indi- 
cate, but no corrections have been made in the present case, it being 
desired that the results given in this bulletin be comparable with — 
those given in the previous bulletin on iron-silicon alloys. Further- — 
more, the question of corrections is a complicated one and has by no 
means been definitely settled, for the amount of compensating eurrent 
needed to equalize the flux along the rod depends largely upon the 
uniformity of the rods used. This question is further discussed in 
the Appendix. The Appendix contains also additional data obtained 
from ring specimens, showing that for permeabilities not exceeding™ 
20,000, the results obtained with the Burrows method may be relied 
upon as being very close to the correct values.t 

The tests for electrical resistance were made by means of a Kel- 
vin double bridge, using standardized iron rods for comparison. ¢ 
For the mechanical testing an Olsen 10,000 pound testing machine 
was employed, and the usual characteristics were obtained. The rods 


*“Magnetic and Other Properties of Iron-Silicon Alloys Melted in Vacuo.” Univ. 
of Ill. Eng. Exp. Sta., Bul. 88, pp. 24-27, 1915. 


+“Magnetie and Other Properties of Iron-Silicon Alloys Melted in Vacuo.” Univ. 
of Ill. Hng. Exp. Sta., Bul. 83, Appendix, 1915. 


tThe standardization was done by the Leeds and Northrup Co. 
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ie b 
: ‘magnetically and electrically after the following heat 


a. As forged 
b. Annealed at 900 Reece: C. Cooled at the rate of 30 
degrees per hour i 
e. Annealed at 1,100 degrees C. Cooled at the rate of 30 
degrees per hour 


a Mechanical tests were made on unannealed specimens and on 
- specimens heated to 1 ,000 degrees C. and then cooled at the rate of 30 
_ degrees C. per hour. ‘The heat treatment was applied in vacuo in 
_ order to prevent oxidation, a vacuum of 0.2 to 0.1 mm. being main- 
tained during the treatment. The specimens were packed in powdered 
- magnesia in an electroquartz tube. 
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III. CuHemicat ANALYSIS 


The marked effect of aluminum and silicon upon the electrical 
resistance of iron is well known. One per cent of either element added 
to iron will more than double its electrical resistance, and the increase 
is nearly proportional to the amount added. Furthermore, the resist- 
ance is not appreciably affected by mechanical or thermal treatments. 
These facts furnish an excellent opportunity for establishing the 

j aluminum content of iron which contains only small amounts of 
impurities. This opportunity has been used to advantage in the pres- 
ent case. <A few alloys were selected the aluminum content of which, 
as determined approximately by the aluminum added to the iron, 
covered the range studied. After the magnetic and electrical tests 
on these alloys were completed, the test rods were placed in a lathe, 
| the surface layer was removed, and fine shavings were collected from 
along the rods in sufficient quantities for duplicate chemical analysis. 
The results of this analysis * are given in Table 2, Column 3; from 
these figures and those for the electrical resistance, given in ‘eum 5, 
the curve in Fig. 2 showing the relation between the resistance 
and the aluminum content was established. The aluminum content 
of all the other alloys for which electrical resistance measurements 
~ eould be made, was then determined by means of the curve in Fig. 2. 
The values thus obtained have been checked by further analysis and 
found to be within the limits of accuracy desired. 
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*The method used is described by Mr. J. M. Lindgren in the Appendix. 
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alloys was made. . . 


Tasie 2 
List or ALLoys AND THEIR CHEMICAL ANALYSIS 


Aluminum 


Content 
Per Cent|Per Cent 
As _ |by Chem. by ee 
Charged | Analysis vy 
0.1 0.02 
06 0.2 : 6 -0.05 
07 0.3 Trace 10.4 0.05 
08 0.4 Trace Aes 9.9 0.00 Aluminum mixed with iron before 
09 0.5 0.09 0.05 11.0 0.09 |) melting. Sr 
10 0.6 0.11 Res 12.0 0.18 | : ‘ 
uh 0.7 0.09 Bod 10.9 0.08 1 Classed as contaminated. 7 
12 1.0 any Aired 14.4 0.40 
18 bay 0.11 bite os 12.6 0.23 j 
19 0.0 # te, Sean 9.7 0.00 ‘ 
20 1.0 0.01 19.2 0.80 
21 2.0 30 0.01 30.2 1.80 : 
PY ate ae 0.02 15.3 0.45 Classed as contaminated. 
23 3.0 esis 0.01 39.7 2.67 
24 4.0 3.53 0.06 49.0 3.58 
25 5.0 4.83 0.16 57.7 4.52 - 
26 Aa 7.63 0.45 see Fat Classed as contaminated. 
27 7.6 8.10 0.09 81.4 7.95 
. Biles Aide Ret |)9 Oc6e ae bere 
29 ia a 13.05 0.38 =k re ae 
# 30 0.2 aN bas 11.0 0.09 
vt 31 0.4 y 11.1 | 0.09 
- 32 0.6 ain 11.6 0.10 . 
7 33 0.8 ee! rete 14.1 0.37 
34 1.0 eae 0.02 12.4 0.22 Classed as contaminated. 
) 35 15 cae eee 15.0 0.44 Only small portion of added Al. 
f 36 2.0 0.73 ox 18.0 0.69 apparently dissolved in the iron. 
: BY4 2.5 a Picks 19.0 0.78 es, carbon believed to be 
39 3.0 bis 1siv 0.32 high. 
40 3.4 3.31 mes 43.9 3.08 
41 3.9 sens 57.8 4.54 
42 4.4 star 51.2 3.82 
43 4.8 one 57.9 4.55 ~ 
45 5.7 ie 63.5 5.20 i 
46 6.7 5.30 0.02 67.7 5.72 
47 Mase 8.60 0.13 84.3 8.75 Classed as contaminated. 
49 6.6 state whee 70.4 6.24 
50 Spee 1.55 aS 29.4 1.70 
51 Lae Pi 0.11 66.1 5.53 Classed as contaminated. 


The alloys obtained by mixing the aluminum with the iron before 
melting includes Nos. 3 Al 05-17. Of these, only Nos. Al 05-08 
were retained as being uncontaminated; the ingots for Alloys Nos. 
3 Al 13-17 were decidedly unsound. Those in the next series, 
3 Al 18-29, inclusive, were prepared by dropping the aluminum into 
the molten iron. Most of the alloys of this series contain large amounts 
of carbon, for the aluminum was not protected from undue heating. 


ash fe ‘ohn “Hh. i 
AT OYS _MELTE D IN 
= 


w 


et Cr Akt tl Petals oa e A? 7 
large Piece ‘of aluminum was dropped into the 
lon resulted that some of the molten iron un-— 
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ng of the Alloys 3 Al 26, 28, and 29, the MgO erucible cracked 
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Fig. 2. ELECTRICAL RESISTANCE OF IRON-ALUMINUM ALLOYS MELTED IN VACUO. 
ANNEALED AT 1100 DEGREES C. 


and the iron came in contact with the graphite container. In the last 
series, 3 Al 30-51, inclusive, an alundum or magnesia funnel was 
used, and the aluminum was protected from undue heating by means 
of an iron tube. In this series, 3 Al 34-39, inclusive, were classed 
as contaminated because the aluminum content of the iron was, for 
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Resuutts or Mecuanicat Tests. As ForGEp 


TABLE 3 


Spec. D 
No. 


3 Al. 


Alumi- 


um 
Content 
Per Cent 


» 
o 
f=) 
ie) 


11) 0.08 
34) 0.22 
39} 0.32 
35| 0.44 
36) 0.69 
37| 0.78 
24) 3.58 
25) 4.52 
51) 5.53 
26) 7.63 
27| 7.95 
47| 8.75 
28/1312.6 
29! 03.5 


Elongation 
Per Cent 


4.0 26.0 3 
5.0 | 28.0 4 
3.0 28.0 4 
+ ue Wi Onde .9 | Broke outside punch marks. 
3.0 3.0 8 
3.0 | 20.0 8 j 
13.0 | 36.0 .6 | Broke outside punch marks. 
4.0 | 21.0 4 
8.0 | 25.0 ae 
8.0 28.0 .6 
2.5 23.0 6 
1.0 20.0 3 
5.0 26.0 6 
5.0 | 28.0 OY f 
CONTAMINATED ALLOYS 
q 
wee 39200 46360 11.0 33.0 89.8 
.02 58600 64400 1.0 12.0 55.0 
Shs 84800 88700 3.0 | 22.0 | 79.6 q 
a 62000 72100 6.0 22.0 73.5 7 
one 77700 83300 8.0 25.0 82.5 , 
wee 79700 84900 3.0 | 20.0 | 73.6 | Broke outside punch marks. ; 
.06 61400 75300 7.0 | 25.0 | 76.8 | Broke outside punch marks. ; 
.16 90800 96600 1.0 1.0 2.5 
odd 89100 96600 0.0 0.5 2.1 § 
.45 71900 71900 1.0 1.0 0.5 ; 
.09 72800 84100 11.0 27.0 76.6 * | 
13 64900 73600 5.0 18.0 36.3 ~ : 
.65 85200 90500 15 1.5 7.5 | Broke outside punch marks. : 
38 96500 | 115000 0.0 0.5 2.6 1 
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, TABLE 4 

Resutts or Mrecuanicat Tests. ANNEALED at 1000 Drecress C. 


Elongation Reduce 


~hccongeh Bet 1 Ut six, | Per Cont © | tion of 
Content Before cle R ks 
1 er Cent! Neck- | -Ulti- | Per re 
ing mate | Cent 
: 0. 33 60 93.5 
. 0. 29 | 48 | 65.7 
: 0. 32 60 91.6 
0. 27 50 | 84.3 
0. 28 62 89.0 
0. 31 57 91.6 
0. 26 56 91.5 | Flaw in Test piece. 
Pi. 27 61 90.7 
2 28 49 89.0 
3. 25 51 85.3 
= on a4 ee a { Broke at punch mark. 
re 22 49 83.8 Data not plotted. 
5. 20 43 83.8 
5. 18 40 79.7 
6. 11 27 55.5 


CONTAMINATED ALLOYS 


3 Al. 09} 0.09 0.05 21000 37900 33 60 85.1 
10} 0.18 niece 18800 37100 24 53 79.8 
34; 0.22 0.02 13500 37700 25 51 83.0 
39} 0.32 Si 50700 67500 14 32 79.2 
35) 0.44 Naat 21000 46800 28 50 83.8 
36} 0.69 Soe 34900 55300 24 49 83.0 
37| 0.78 aes 38300 56800 24 48 86.9 
24) 3.58 0.06 39500 56900 27 54 76.8 
25) 4.52 0.16 39200 60800 22 46 76.9 
51) 5.53 (eyo tt 79600 84800 1 1 2.2 : 
26] 7.63 0.45 58400 63200 3 3 2.2 | Broke outside punch mark. 
27| 7.95 0.09 26100 50300 20 45 89.5 
47| 8.75 0.13 24900 50300 21 50 85.6 
28) 12.36 0.65 26100 59000 4 4 6.1 ‘ 
29) 13.05 0.38 91500 91500 1 1 0.0 | Broke outside punch mark. 
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Fic. 4. MrcHANICAL PROPERTIES OF [RON-ALUMINUM ALLOYS MELTED IN VACUO. 
ANNEALED AT 1000 DEGREES C. 


ina 
. 


x 
ec. 


some unaccountable reason, too low on comparison with the alum mur ig 
added. If the carbon introduced is in proportion to the alum m L t 
added, then the carbon content of these alloys was quite out of pro- 33 
portion to the aluminum content. 
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As a check on this weeding, a number of these alloys were ana- 
lyzed for carbon; the results of this analysis are shown in Column 4 of 
Table 2. For he aluminum alloys a carbon content of 0.015 per cent 
has been allowed; for high aluminum alloys, 0.025 per cent. 
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IV. ReEsvuurs 


1. Mechanical Properties—The results of the mechanical tests 
are shown in Tables 3 and 4 and in Figs. 3, 4, 7, and 8. For the 
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iron-silicon alloys are shown in Fig. 5.* In Fig. 6 the results o . 
present investigation are compared with those obtained by Hadfiel i 
and Guillet.£ Fig. 9 is a photograph of some of the mechanical test 
pieces after testing. % 
From the data thus presented, it may be stated in general that 
aluminum in the absence of carbon increases the strength of iron in 
almost direct proportion to the amount added. Furthermore, alu-— 
minum appears to affect the toughness of iron only slightly. To what 
aluminum content these rules can be applied is somewhat uncertain, 
as no alloy containing more than about 6 per cent aluminum uncon-— 
taminated by carbon was obtained. How carbon affects these prop- 
erties may be judged from Figs. 7 and 8. It is apparent that for alloys — 


to at least 8 per cent, has no marked effect either upon the strength 
or upon the toughness of iron. This is especially evident in the case © 
of the annealed alloys. The effect of small amounts of carbon is 
particularly great upon nearly pure iron; it increases the strength of — 
iron about 50 per cent. The strength curves for alloys containing © 
small amounts of carbon will, consequently, be nearly horizontal, and 
will cross the curves for the more nearly carbon-free alloys at 4 to 5 
per cent aluminum, where the effect of carbon seems to be very small. — 
In general the effect of small amounts of carbon is to conceal the true — 
effect of aluminum upon the mechanical properties of iron. If the 
results given here for alloys with a carbon content of about 0.1 per cent 
are compared with those given by Hadfield and Guillet (see Fig. 6), 
they will be found to be very similar. They are more like Guillet’s 
results, which represent alloys containing about 0.1 per cent carbon, | 
than Hadfield’s, whose alloys contained about 0.2 per cent. For 
carbon contents of 0.4 to 0.6 per cent the alloys are forgeable up to — 
at least 13 per cent aluminum. This also agrees with the results of 
Guillet. For such carbon contents, however, the alloys are quite — 
brittle. 4 

If the effect of aluminum (Fig. 4) upon the mechanical proper- 
ties is compared with the effect of silicon (Fig. 5), it will be seen that, 
up to 4.5 per cent, silicon increases the strength much more than does 
aluminum. On the other hand, although 2.5 to 4.5 per cent silicon 


*Taken from “Magnetic and Other Properties of Iron-Silicon Alloys Melted in 
Vacuo.” Univ. of Ill. Bng. Exp. Sta., Bul. 83, 1915. 

yJournal Iron and Steel Inst., vol. 38, II, pp. 161-230, 1890. 

tbid., vol. 70; II, p. 16, 1906. Rev. de Metal, Memoirs, vol. 2, pp. 312-327, 1905. 
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pat and the toughness, while aluminum continues to 
sngth to the iron without materially affecting the toughness. 


2. Magnetic and Electrical Properties .—The results of the mag- 
¢@ and icine test are shown in Tables 5 to 7 and in Figs. 


TABLE 5 


ReEsu.tts OF MaGnetic AND ELEctTRIcAL Txsts 
Rops UNANNEALED 


Hysteresis Coercive al 
Permeability pe Ergs per | Retentivity Force : y 
Gausses Gilberts |3 
bon | Maxi- c.c. per Cycle perem. [4 .g 
Con-| mum | Max. é ie) & 
o aes a 42 a=) ;2 .o| :o| .ol8B8 
er | sbulty | ability MGS lees leet onia aS ies . ASAIN 
Gout Gausses fas | ss | fas] Sas A5|5 48 sae 
9 Il al} mi] at} aul mile 
° 6000 5340 | 10100 | 5080 6560! eke | St 9.7 
0. 5200 Bh eine “ee 
0. 5000 eA late sere 
oO. 5000 Beas Ate eas or, ar 
B: 6000 6400 FAOO’ || S98 eo ae te 
0. 4800 6000 6400 | 1.5/1.6 | 11.2 
0. 6800 6260 7300 | 2.3 | 2.35] 11.5 
0. 6600 6200 6800 | 2.0 | 2.2 | 14.3 
0. 6500 6580 6980 | 2.1 | 2.4 |] 19.4 
ne 5600 oe aposeus eas Ere Ais 
i 6000 5900 6560 | 3.1 |°3.3 | 31.0 
ee 4820 4770 4870 | 1.9 | 2.1 | 40.2 
oe 4800 5100 5500 | 3.0 |] 3.2 | 44.6 
3. 5300 4850 6000" 1 (3.5 | 3.7 | 52,0 
4. 4200 5400 5800 | 4.2 | 4.6 | 58.0 
4, 4200 4500 4700 | 3.2 | 3.5 | 59.0 
5. 4000 4500 4600 | 4.3 | 4.8 | 64.0 
os 4000 4000 4150 | 3.7 | 3.7 | 68.5 
6. 3200 oe atta Sor a nitdhe 
. CONTAMINATED ALLOYS 
TE OOS nc | 2tr0! 5000 1665 926 She ea Ses wt acs areas 
09|}0.09|0.05} 2410 4820 1850 943 See head Pe are ies 
j 10|0.18].... | 2000 5600 1560 823 Befos Batons as. Bane ane 
34|]0.22|0.02] 2000 6000 1500 528 4400 7630 | 6200 6700" 2.4 1-36) WeEe 
‘ 18|0.23/0.11] 1500 6000 1086 550 6480 9600 | 6290 6760 | 2.3 | 2.3 | 12.6 
} 39|0.32|....| 2280 6600 1886 728 4450 7750 | 4400 4800 | 1.5} 1.6 | 14.3 
: 12|0.40 1400 7000 1075 450 7450 | 14000 | 6800 7800 | 2.6 | 3.1 | 14.4 
35 |0.44 2140 6000 1820 833 5090 8400 | 7800 8200 | 1.5 11.9 |} 15.3 
2210.45|0.02} 1590 6600 1390 667 6360 | 11000 | 7105 8160 | 2.2 | 2.6 | 16.1 
36 |.0.69 1930 5600 1430 625 4900 | 10500 | 5800 7400 | 1.7 | 2.0 |} 18.1 
4 37|0.78 1870 5600 1470 750 4960 8900 | 6400 7000") 1.7") 1.9) |) 19): 
24/3.58 1070 4600 595 281 8270 | 14000 | 5300 5300! | -2a% 27 | 495 
{ 25)4.52|0.16 573 4300 384 200 | 12700 | 21900 | 5000 5600 | 4.5 | 5.1 | 57.5 
63 0.1L 770 | 3100 370 150 ohare tee eae ae 
o7 7 95/0.09 450 3600 202 104 | 11450 | 20400 | 4000 4400 | 4.7 | 4.9 | 78.2 
47|8.75 3 500 4000 mn rete! arate cea aes ne 
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TABLE 6 ‘ 
*S Resutts or MaGnetic AND ELectrricaL TESTS 
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Per | ability | ability 


Cent Gausses| 


0.06 
0.09 


13700 
10750 
11850 
12000 
20000 
15800 
6500 
18000 
12500 
5630 
2000 
3800 


Permeability 


13300 
10500 
11750 


ANNEALED AT 900 Dearess C. 
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Loss Ergs per 
c.c. per Cycle | 
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TABLE 7 
Resutts or Magnetic AND ELEctricaL Txsts 7 
ANNEALED aT 1100 Duaress C. ‘ 
{ Hysteresis ted Coercive Fig S49 
Permeability | Loss Ergs per Beeaneaty Cn *¥ 
iy ¢.c, per Cycle Be oe peg 


Rod | Con- 
No. | tent | 


at 20° 


Spec. eet 
Microhms 


i 9 
| 30 
<2 10.2 
07 10.4 
30 10.4: 
es 11.0 
11.1 
11.6 
33 14.1 
20 19.2 
50 29.4 
21 30.2 
23 39.7 
40 43.9 
42 51.2 
an 57.8 
57.9 
45 63.5 
46 67.7 
4 


¥ 
11 |0.08}.... |} 15000 | 6500 | 13900 | 6300 954 | 2105 | 9200 | 12400 | .31 | .40 | 10.9 
09 |0.09/0.05] 11000 | 8800 | 10500} 4970 | 1370 | 3080 | 9200 | 12990 | .43 | .63 | 11.0 
10 |0.18]....| 11650 | 7000} 10500 | 4170] 1087 | 2860 | 8300 | 12100 | .30 | .44 | 12.0 
5 34 |0.22/0.02| 18100 | 5400 | 11370 | 1630 706 | 1423 | 8000 8500 | .20 | .20 | 12.4 
| 39 |0.32]|.... | 20100 | 7000 | 17550 | 7500 890 | 1843 | 9500 | 13000} .29 | .35 | 13.7 
‘ 35 |0.44]....] 16000 | 9000 | 15880 | 5775] 1080 | 2280 | 9600 | 14200 | .35 | .42 | 15.0 
j 22 |0.45/0.02| 10200 | 9000 | 10000 | 3000} 1270 | 2960 | 8400 | 12590 | .42 | .52 | 15.3 
: 36 |0.69|.... | 20440 | 9000 | 20000} 5000 | 1005 | 2220 | 9500 | 14400 | .32 | .37 | 18.0 
37 |0.78|....| 15500 | 6000 | 13330 | 5000] 1023 | 2100 | 9200 | 13000 | .33 | .36 | 19.0 
24 |3.58|/0.06| 6250} 5000] 3570 600 | 1390 | 3330 | 6100 6800 | .45 | .53 | 49.0. 
25 |4.52/0.16| 2160}; 4000] 1110 341 | 2860 | 5520 | 4300 4500 {1.10 |1.20 | 57.7 
51 |5.53]0.11| 8430] 2500] 2220 283 | 1335 | 3700 | 4900 5100 | .386 | .40 | 66.1 
27 |7.95|0.09| 3060} 2300 714 150 | 2065 | 2960 | 3140 3140 | .80 | .80,| 81.4 
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10, 11, 12, 14, and 15. In Fig. 13 the properties of iheieed 


alloys anriesled at 1100 degrees are given for comparison with oe e 
corresponding iron-aluminum alloys. 
The specific electrical resistance unaffected by any heat trent % 
ment, which is about 9.8 microhms for pure iron, is seen to increase 
by 12 microhms for each per cent aluminum added up to'an aluminum 
content of 3 per cent. For higher values the increase falls — 
a gradually. 
a Although the electrical resistance is unaffected by heat ene i 
ments, the magnetic properties, as is well known, are extremely sensi- 
tive to them. From previous investigations on this subject,* it seems _ 
probable that the factor which determines the magnetic properties “ 
of a certain iron or iron alloy is the internal strain existing in the 
metal, and that it is the removal of this strain by annealing ~ 
and slow cooling that is the real cause of any increase in permeability | 
. and decrease in hysteresis loss. The transformation of all the B- and | 
y-iron into a-iron is undoubtedly essential; but in dealing with pure 
iron, or with iron-aluminum or iron-silicon alloys, this transforma- 
tion is supposed to take place quite readily, and does not necessitate 
as slow cooling as 80 degrees per hour. Almost any rate of cooling, 
short of quenching, seems to effect this transformation, though it has 
been shown repeatedly that as far as the magnetic properties are con- 
cerned, a cooling at the rate of 100 degrees per hour is much inferior 
to a rate of 30 degrees. <A slower rate than 30 degrees per hour does 
not appear to be of any further advantage. Again, although the 
transformation from y- to f-iron (if the B modification actually does 
exist) takes place at 900 degrees for pure iron, it has been shown thatt 
the most noticeable increase in permeability for low and medium 
densities takes place upon annealing at between 700 and 800 degrees C. ~ 
A further, but much smaller, increase takes place upon annealing at 
900 degrees. Finally, it was shown in Bulletin No. 83, and it is again 
shown here, that slow cooling from 1100 degrees produces a higher 
maximum permeability and a lower hysteresis loss than cooling from 
slightly above 900 degrees. These facts all favor the theory that, for 
the kind of iron dealt with in this series of investigations, it is the 
removal of internal strain from the iron which is of importance in 


*“Magnetic and Other Properties of Iron-Silicon Alloys Melted in Vacuo.” Univ. of 
Ill, Eng. Bxp. Sta., Bul. 88, pp. 24-27, 1915. 


j“Magnetic and Other Properties of Hlectrolytie Iron Melted in Vacuo.” Univ. of 
Ill. Eng. Exp. Sta., Bul. 72, p. 30, Fig. 3, 1914. 
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MELTED IN VAcuo. AS FORGED 
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Fie. 11. Macneric anp ELectricaAL PRopERTirs oF Iron-ALUMINUM ALLOYS 
MELTED IN VAcuo. ANNEALED AT 900 DEGREES C. 
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Fig. 12. MAGNETIC AND ELECTRICAL PROPERTIES OF JRON-ALUMINUM ALLOYS 
MELTED IN’ VACUO. ANNEALED AT 1100 DrcrzEEs C. 
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Fic. 15. Magnetic Proprrtims or IRon- ALUMINUM ALLoYs MELTED In Vacuo, 
More or Less Contaminarep, COMPARED WITH UNCONTAMINATED 
ALLOYS. ANNEALED AT 1100 DEGREES OC, 
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the production of high permeability, low hysteresis iron. The trans- 


formation of all the iron into a-iron is then a foregone conclusion. 
Turning now to Fig. 11, it is seen that the maximum permeability 


_ for the unannealed alloys varies from 3500 for pure iron to 600 for 


a6 per cent alloy. After the alloys have been annealed at 900 degrees 
these values (See Fig. 12) increase to 24,000 and 13,000, respectively. 
The annealing at 1100 degrees (Fig. 13), although not materially 
affecting the pure iron, raised the maximum permeability of the 
6 per cent alloy to 17,000 and that of the 0.4 per cent alloy to about 
40,000. The maximum permeability is thus increased ten to thirty 
times, and the permeability for B = 15,000, two to ten times by anneal- 
ing at 900 degrees. No further improvement takes place by annealing 
at higher temperatures: in fact, alloys low in aluminum show an 
actual decrease in annealing at 1100 degrees (see Fig. 14). In regard 
to the latter point, it has generally been found that if pure iron pre- 
viously annealed at 900 degrees is annealed at a higher temperature, it 


_ decreases in permeability for values of H between 20 and 100 gilberts 


perem. For H = 200 (Fig. 14) the permeability is the same for the 
900- and 1100-degree annealing; the improvement due to annealing 
amounts to from 1 to 2 per cent. The saturation value is known to 
be practically unaffected by annealing.* 

Annealing lowers the coercive force and the hysteresis loss in 


much the same ratio as it raises the maximum permeability, the 


minimum values occurring with an aluminum content of about 0.25 
per cent. 

When the iron-aluminum and the iron-silicon alloys (Figs. 12 
and 13) are compared, the curves, as might be expected, are similar 
for the low alloys; both have a maximum in the maximum permea- 
bility curve and a minimum in the coercive force and hysteresis curves 
for about 0.2 per cent. The two sets of curves are, however, dis- 
tinetly different for high alloys. The silicon curves have a second 
maximum or minimum for from 3.5 to 4 per cent silicon, but the 
aluminum curves are without such points, the maximum permeability 
gradually decreasing and the hysteresis loss and coercive force grad- 
ually increasing from the 0.5 per cent aluminum point. 

Although the iron-aluminum series thus furnishes a high permea- 
bility, low hysteresis alloy (similar to the low silicon alloy), it fur- 
nishes none which combines these properties with a high electrical 
resistance in as marked a degree as does the 3.5 per cent iron-silicon 


*Gen. Blect. Rev., vol. 18, p. 881. Sept., 1915. 
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alloy. N SH the 3.5 per cent eee =e yacnum all oy. nas 
a maximum permeability of six times, and a hysteresis loss of only x 
one-half, that of the commercial 3.5 per cent silicon steel. It has been — 
shown, furthermore, that the high aluminum alloys have the advan- 
tage over the corresponding silicon alloys of being much tougher Sh 
mechanically ; thus they are more easily worked and lend themselves _ 
to some purposes where the silicon alloys are unsuitable on account of 
their comparative brittleness. The effect of carbon on the magnetic 
-_ properties is illustrated in Fig. 15, where the maximum permeability, 
: retentivity, coercive force, and hysteresis loss are shown for a number 
) of alloys containing from 0.02 to 0.16 per cent carbon, and are com- — 
pared with the uncontaminated alloys. The bars have all received the 
same mechanical and thermal treatment, finally being annealed at 1100 
degrees. The maximum permeability attained by the alloys contain-— 
ing about 0.10 per cent carbon is about 5000 as compared with 20,000 
for the uncontaminated alloys. The retentivity for these same alloys " 
is much lower, and the coercive force, except in one case, much higher 
than for the purer alloys. The hysteresis loss is from 50 to 100 per 
cent and, for the low alloys containing 0.05 per cent carbon, even 
200 per cent higher than for the corresponding uncontaminated alloys. 


3. Photomicrographs.—Photomicrographs of a number of the 
alloys representative of the iron-aluminum series are shown in Figs. 
16 and 17. Fig. 16 shows the uncontaminated alloys and Fig. 17 © 
some of the contaminated ones. On the left hand side are shown the 
alloys as forged, and on the right the same alloys annealed at 1100 
degrees C. 

It is clearly seen from these figures that iron and aluMiontt form 
a solid solution as has also been shown by previous investigators. a 
In the forged specimens the structure varies greatly, the size of the> 
erystals generally decreasing as the aluminum content increases. 
The structure of 3 Al 21 is the only exception to this rule, the 
crystals in this case being unusually large. After the alloys have 
been annealed at 1100 degrees, this nonuniformity disappears and the 
alloys exhibit crystals of approximately the same size. For the pure 
iron, or for the very low alloys, 8 Al 08, 05, and 32, the structure 
consists, as is usual, of large crystals subdivided into many small ones.* 


*See “Magnetic and Other Properties of Blectrolytiec Iron Melted in Vacuo.” Univ. 
of Ill. Eng. Hxp. Sta., Bul. 72, 1914. 

“The Effect of Boron upon the Magnetic and Other Properties of Plectrolytic Iron 
Melted in Vacuo.” Univ. of Ill. Eng. Exp. Sta., Bul. 77, 1915. g 


“Magnetic and Other Properties of Tron-Silicon Alloys Melted in Vacuo.” Univ. of . 
Tl. Eng. Exp. Sta., Bul. 88, 1915. 
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Fic. 16. PHoromicroGRAPHs oF IRON-ALUMINUM Auuoys, AS FORGED 
AND ANNEALED AT 1100 Decrees C. X 60 
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For aluminum contents of 0.40 per cent and above, this subdivided 
structure does not appear, and the remainder of the alloys are made 


up of more or less regular crystals. 


In the structure of the uncontaminated alloys there is no sign of 
impurities present; the spots that appear are evidently due to im- 
perfect polishing. In the contaminated specimens the presence of 


_ graphite is evident only in the forged specimen of 3 Al 25, containing 


0.16 per cent carbon. After annealing at 1100 degrees this evidence 
of graphite entirely disappeared. What becomes of the carbon in this 
ease has not been ascertained. According to previous investigators 
carbon in the presence of 4.5 per cent aluminum should be completely 
precipitated as graphite; but, from the appearance of 3 Al 25 an- 
‘nealed, one is led to believe that the carbon has combined with the 
iron and aluminum, unless it is precipitated in such finely divided 
state that it is invisible under the magnification used. It is hoped that 


_ this point may be cleared by further investigation. 


V. SuMMARY AND CONCLUSIONS 


The results recorded in the previous pages may be summarized 
as follows: 


a. The iron-aluminum alloys used in this investigation, prepared 
by the vacuum method, are less contaminated by impurities than alloys 
used by previous investigators. The alloys classed as uncontaminated 
contain only 0.01 to 0.02 per cent carbon. Other alloys containing 
more carbon are classed as contaminated and are used to show the 
effects of carbon. 

6. Aluminum is more powerful as a deoxidizer than is silicon, 
for it does not commence to combine with iron until all oxides present 
are reduced. Aluminum forms a solid solution with iron throughout 
the range studied. 

c. The tensile strength of the vacuum alloys increases in direct 
proportion to the aluminum content up to at least 6 per cent, the 
ultimate strength of the latter being 85,000 pounds per square inch 
(60 ke. per sq. mm.) in the unannealed state and 70,000 pounds 
(50 kg.) in the annealed. The corresponding figures for pure iron 
are 48,500 pounds (34 kg.) and 35,000 pounds (25 kg.).. The tough- 
ness is only slightly affected by the aluminum content. 

d. With regard to the magnetic properties aluminum, like sili- 
con, has a very beneficial effect when added in small quantities. The 


~ -ILLIN (O18, ENGINE! 
se hi 
best alloy AL SAO about 0 
 nealed at 1100 degrees, has a maximum ermeabilit al 
a ‘The hysteresis loss for Bmax = 10,000 and 15,000 is 450 and - 
per ce. per cycle, respectively. For higher aluminum contents 
magnetic quality decreases gradually, so that the alloy contai: ni nie 
per cent aluminum has a maximum permeability of 20,000 and a L 


This loss is only one-half that of the 3.5 per cent commercial silico 
steel. 

-e, The specific electrical resistance increases about twelve mi 
crohms for each per cent aluminum added. When the aluminum ec \- 
tent exceeds 3 per cent, however, the rate of increase falls off gradually. 


By the application of the vacuum process to the iron-aluminum — 
series, an alloy, containing about 0.4 per cent aluminum, has been — 
produced which has remarkable magnetic properties. In this respect — 
aluminum acts like silicon. Aluminum, however, unlike silicon, yields 
no alloy with similar characteristics for higher percentages. On the 
other hand, the high aluminum alloys have the advantage over the . 
corresponding silicon alloys of being much less brittle; and this char- % 
acteristic combined with a fairly high permeability, low hysteresis 
loss, and an electrical resistance equal to that of the silicon alloys, 
may make aluminum alloys suitable for certain purposes where the 
silicon alloys can not be used. 4 


7, Ae 


APPENDIX 


4, Magnetic Testing with Burrow’s Permeameter ——During the > 
ast two years the attainment of permeabilities above 30,000 in 
acuum-fused iron-silicon alloys has made the question of accuracy in 
results of prime importance. There are three effects which may lead 

to errors: (a) effect of strain, (b) end effect of the permeameter coils, 
(ec) consequent pole effect due to nonuniformity. 


a. The effect of strain has been considered in a previous bulle- 
tin.* When the rod is properly clamped, this effect is eliminated. 

b. The effect upon H of the ends of the various permeameter coils 
has also been discussed in a previous bulletin.t The Bureau of Stand- 
ards’ correction of the Burrows method for the theoretical end effect, 
when the compensating current is not more than twice the current in 
the two main solenoids, is less than 0.1 per cent. In Bulletin No. 83 
of the Engineering Experiment Station of the University of Illinois, 
it is shown that in some cases the current in the compensating circuit 
may be thirty times that in the main solenoid. In such’ cases the 
correction factor is 2.3 per cent; that is, the measured H must be 
increased by 2.3 per cent. 

- ¢@. The effect of nonuniformity of the specimen is one for which 
no correction can be offered. It is of the same nature as the effect 
due to the ends of the coils, but it depends only upon the homogeneity 

of the rod, and, therefore, the error introduced cannot be calculated. 
_ Any nonuniformity means that lines of force will leave the iron path 
_ and complete all or part of the magnetic circuit in air. Wherever a 
line of force leaves or enters the iron path, a pole is developed. A 
line that leaves and re-enters the iron causes two poles of opposite 
sign. The effect of each pole at the center of the test bar varies 
inversely as the square of the distance from the center. Hence each 
pair of poles due to a leakage line has a resultant effect at the center, 
which depends upon the distance from the center of the points of 
leaving and of entering the iron. This may be illustrated by the 
leakage that occurs at the joint of the bar and the yoke. If the lines 


*“Magnetic and Other Properties of Iron-Silicon Alloys Melted in Vacuo.” Univ. 
of Ill. Png. Exp. Sta., Bul. 83, p. 24, 1915. 
+Magnetic and Other Properties of Electrolytic Iron Melted in Vacuo.” Univ. of 


Ill. Eng. Exp. Sta., Bul. 72, p. 61, 1915. 
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of force ae the rod close to the joint and enter the yoke ia gt 
across the air gap, the resultant effect on the center of the bar will ‘, 
be small for two reasons: (a) the distance from the center of the? 
resultant pole is great, and (b) the two poles tend to neutralize each | 
other. On the other hand, if the leakage is close to the center of the — 

bar, and the distance is great between the points of leaving the iron 
and re-entering it, the magnetizing or demagnetizing effect may be 
great. Leakage of this kind leads to a high percentage of error and — 
is caused by the nonuniformity of the iron. A section of the iron © 
having low reluctance is called a soft spot; a section having high © 
reluctance is called a hard spot. 


In order to investigate the uniformity of rods, a special permeam- 
eter was constructed having movable test coils on the outside of the 
main solenoids. There was only one layer of winding on the solenoids 
and the maximum value of H obtainable without heating the coils was 
60 gilberts per em. By properly connecting the test coils it was 
possible to investigate the density at points along the bars and to 
calculate the amount of leakage at any point at any density up to that 
corresponding to H = 60. 

Fig. 18 shows the results obtained with Rod No. 3 8i 27C. For 
each value of H the leakage along the bar was measured and plotted 
with the density at the center as the reference point. It should be 
noted that the diameter of this rod varies as much as 1 per cent, and 
that at densities above 15,000 the distribution of flux follows the 
variations in diameter. At lower densities, however, the uniformity 
of the material has the greater effect, because the iron is more sensitive 
at densities falling on the steep part of the magnetization curve. « 
From Fig. 18 it can be seen that the assumption that compensation — 
neutralizes only the demagnetizing effect of the leakage at the joints 
is entirely without justification. In this case a strong magnetizing 
effect is introduced because of a soft spot about four inches from the 
center of the rod. If the test coils marked c-c, which are wound over 
each end of the test bar, were placed three inches from the center they 
would indicate that a negative current was required for compensation. 
Such a current would increase the leakage at the joints and would 
plainly lead to error. If the coils c-c were placed five and one-half 
inches from the center or close to the yokes, they would then indicate 
that a positive current was required. However, in raising the ends of 
the leakage curve, the flux at the point + 4 would be raised still higher 
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he Fancniipenaibed case and the effect would be to increase H 
center beyond its indicated value. When the two coils, ¢-e, are 
ted in series and opposed to the test coil at the center, a balance 

cates that the average fiux at the two ends is equal to that at the 
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center, even though the flux at one end may be much higher than that 
at the center and the flux at the other end correspondingly lower. 
Since when the c-c coils were placed half way between the center 
and the ends, a negative compensating current was sometimes re- 
quired, it was decided preferable to place them nearer the ends. 
Fig. 19 shows the effect of compensation on the value of H at the 
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e an ate fix aividhiian is due to soft spots near the 
s. Two conditions are shown for two values of H. In (a) H is 
_and in (b) H is 2.0. The test coils were connected so that the 
at either end of the test bar could be balanced against the center. 
The solid curve in both figures shows the distribution when the rod 
is uncompensated. Since the leakage is less for the negative than for 
the positive end, a smaller compensating current was required at the 
negative end in order to raise the flux to an equality with the center. 
The two ends were balanced separately, and the distribution for the 
two cases is shown by the two dashed curves. Compensation for the 
positive and negative ends raised the density at the center from 7,870 
_ to 14,280 and 13,680, respectively, for H =0.5; and to 14,280 and 
14,580, respectively, for H =2.0. An increase was desired after the 
leakage at the joints had been neutralized, but there was no way of 
-knowing how much magnetizing effect the ‘‘soft spot’’ had on the 
center. The density at the center is probably exaggerated, especially 
: 


fon = 0:5. 
The double bar and yoke method is based upon the assumption 
that the rods are uniform. If the rods are uniform, when the c-e 
coils are placed about half way between the center and the ends, a 
i balance of the average of the flux between these points and the center 
_ will result. There may still be some leakage near the joints, but for 
| reasons stated previously its effect is small. As shown in Fig. 18, the 
- distribution can not be assumed to be uniform, and so results by this 
_ method are likely to be inconsistent. Nonuniformity is most trouble- 
‘some in rods of high permeability ; with rods of ordinary quality this 
effect is not so important. For commercial work where only com- 
mercial iron is tested, this method is probably sufficiently accurate; but 
for laboratory testing of high permeability iron, the limiting accuracy 
should be carefully considered. 


5. Results Obtained with Rings—-In Table 8 will be found 
results obtained with rings made of pure open hearth iron, re- 
melted in vacuo. For the sake of comparison, the results obtained 
with some of the same iron in the form of rods tested by the Burrows 
method have been included. All the specimens have been annealed 
at 1100 degrees C. From these results it is seen that for perm- 
eabilities not exceeding 20,000, when the possible variation in 


— 


7 —_ “ a 


48 ILLINOIS ENGINEERING EXPE = 


. X . Pi. 2 a y ra = 
mechanical and heat treatment of the various specimens are consic 
the two methods check very well. = 


TABLE 8 


a 
Comparison Between THE Rinc Mernop anp Burrow’s MeTHoD 
or Maenetic TESTING ee 


Lip beg one teiceniivteg ice ty ? 
ans Loss Ergs ntivi Force 
.__| Permeability | per c.c.per Gausses Gilberts 
. Density Cycle per cm. a 
Speci- |Kind of| Max SOR he ee ; , 
men | Spec- | Perme-| Max ° 2 = o o ° Remarks 
No. | imen | ability A ra S 8 3 8 3 3 3 8 
abllity CO ae) ke & 5 =} po 5S es - 
eu | eo fev len] en | en fen le 
ia) i=) ia] [a2] ia] [22] 9 [22] * 


4-01 | Ring | 14300} 8500 | 13700 | 5700 986 | 2063 | 8400 | 12300 |0.33 | 0.39 
4-01} Rod | 14180 8500 | 13200 | 5350 | 1080) 2190] 8700 | 12300 | 0.37 | 0.40 
4-02 | Ring | 16500 | 9500} 16450 | 6400 935 | 2010} 8700 | 13900 |0. 0.35 
4-03 | Ring | 17000 | 9000] 16700 | 8250 852 |1755| 8400 | 12600 | 0.28 | 0.33 « 
4-03 | Rod | 20900 9000 | 20200 | 7500 865 | 1760 | 9300 | 13600 |0.30 | 0.34 
4-04 | Ring | 16300 | 10000 | 16300 | 6000 870 | 1880} 8400 | 13300 | 0.30 | 0.35 
Iron-Aluminum Alloys Melted in Vacuo and Annealed at 1100 Degrees C. 
3 Al 22} Ring | 20500 7000 | 16700 900 636 | 1320} 8400 | 11000 |0.19/0.20| Al-0.45 
3 Al 18] Ring | 19700] 6400 | 12500 350 674 |1210| 9000 | 10200 |0.20)0.20/ Al-0.23% 


6. Determination of Aluminum in Iron, by J. M. Lindgren— 
Four well known methods for the determination of aluminum in iron. 
were tried. First, precipitation by means of sodium hydroxide; 
second, fusion in a nickel crucible with sodium hydroxide; third, the 
electrolytic separation with a mercury cathode; and finally, the method 
of Rothe,* with ether as a solvent for ferric chloride. The first two 
methods were objectionable because of the slow, tedious filtrations 
and the resulting voluminous filtrates. The electrolytic method did 
not remove all the iron, and so made a determination of that con- 
stituent necessary. Here, also, tedious filtrations and voluminous 
filtrates were encountered. Gooch and Hovenst made use of ether 
in the determination of aluminum by precipitating AIC1,6H,O with 
gaseous hydrochloric acid and completing the separation from iron 
by means of ether. 

Rothe demonstrated that by means of ether large amounts of 
iron could be separated from nickel-aluminum, copper-cobalt, vana- 
dium, and titanium. He employed a special apparatus for the 


*Chem. News, vol. 66, p. 182, 1898. 
7+Chem. News, vol. 74, p. 296, 1896. 
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lere the separation was continued by means of fresh ether. Rothe 
demonstrated that the iron should be present in the ferric state and 
that the hydrochloric acid present should have a definite strength. 

In the present work the separation was carried out in a 200 ce. 
Jena beaker. It was found necessary, in transferring from one 
separatory funnel to another during the process of removing all the 
iron, to use considerable amounts of hydrochloric acid in order to 
wash the syrupy aluminum chloride from the sides of the funnel; 


_ this increased the acid concentration, and made it very difficult to 


remove all the iron. It occurred to the writer that the separation 
could be made easier in the original beaker in which solution was 
effected by decanting the supernatant ether and ferric chloride, and 


- so make possible a cleaner and easier separation by subsequent wash- 


ings with ether in the same beaker. The decantation was more easy 


TABLE 9 
DETERMINATION OF ALUMINUM IN IRON 


Per Cent Per Cent 
Aluminum Taken Aluminum Found 
732 763 
732 791 
1.464 1.484 


to accomplish than first appeared possible, because the supernatant 


liquid of ferric chloride and ether was much lighter than the lower 
solution of aluminum chloride and acid. 

Details of the method used are as follows: Dissolve from 1 to 5 
grams of iron in a 200 ce. Jena beaker by means of hydrochloric acid, 
with additions of nitric acid to afford complete oxidation of the iron; 
evaporate to dryness on a water bath, and take up with just enough 
hydrochloric acid, sp. gr. 1.19, to completely dissolve the iron. Care 
should be taken that no iron oxide remain undissolved. Evaporate 
again on a water bath to a syrup consistency, add 30 ce. of ether, 
and stir vigorously with a glass rod until the ether has dissolved as 
much ferric chloride as possible. Allow to stand until the separation 
is distinct and both layers are clear. At this point it is sometimes 
necessary to add more hydrochloric acid, two ce. at a time, until the 
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solutions become perfectly clear. Carefully decant the supernatant 
solution of iron and ether and repeat the addition of ether. Usually 
six additions of ether are sufficient to extract completely all of the 
iron. Evaporate the ether and precipitate the aluminum in the usual — 
way by means of ammonia. Burn the oxide in a porcelain crucible 
and finally in a muffle at 1000 degrees C to constant weight. The 
necessity of a high temperature in burning the aluminum precipitate — 
shows the impossibility of obtaining satisfactory results by any of the 
methods involving the burning off of a mixed precipitate of aluminum 
and iron. 


